Hydrogenases catalyze the reversible reaction 2H þ þ 2e − ↔ H 2 with an equilibrium constant that is dependent on the reducing potential of electrons carried by their redox partner. To examine the possibility of increasing the photobiological production of hydrogen within cyanobacterial cultures, we expressed the [FeFe] hydrogenase, HydA, from Clostridium acetobutylicum in the nonnitrogen-fixing cyanobacterium Synechococcus elongatus sp. 7942. We demonstrate that the heterologously expressed hydrogenase is functional in vitro and in vivo, and that the in vivo hydrogenase activity is connected to the light-dependent reactions of the electron transport chain. Under anoxic conditions, HydA activity is capable of supporting light-dependent hydrogen evolution at a rate >500-fold greater than that supported by the endogenous [NiFe] hydrogenase. Furthermore, HydA can support limited growth solely using H 2 and light as the source of reducing equivalents under conditions where Photosystem II is inactivated. Finally, we demonstrate that the addition of exogenous ferredoxins can modulate redox flux in the hydrogenase-expressing strain, allowing for greater hydrogen yields and for dark fermentation of internal energy stores into hydrogen gas.
Hydrogenases catalyze the reversible reaction 2H þ þ 2e − ↔ H 2 with an equilibrium constant that is dependent on the reducing potential of electrons carried by their redox partner. To examine the possibility of increasing the photobiological production of hydrogen within cyanobacterial cultures, we expressed the [FeFe] hydrogenase, HydA, from Clostridium acetobutylicum in the nonnitrogen-fixing cyanobacterium Synechococcus elongatus sp. 7942. We demonstrate that the heterologously expressed hydrogenase is functional in vitro and in vivo, and that the in vivo hydrogenase activity is connected to the light-dependent reactions of the electron transport chain. Under anoxic conditions, HydA activity is capable of supporting light-dependent hydrogen evolution at a rate >500-fold greater than that supported by the endogenous [NiFe] hydrogenase. Furthermore, HydA can support limited growth solely using H 2 and light as the source of reducing equivalents under conditions where Photosystem II is inactivated. Finally, we demonstrate that the addition of exogenous ferredoxins can modulate redox flux in the hydrogenase-expressing strain, allowing for greater hydrogen yields and for dark fermentation of internal energy stores into hydrogen gas.
biofuel | metabolic engineering I t has long been observed that a number of photosynthetic organisms are capable of producing small quantities of hydrogen gas during the course of normal metabolic activities (1) . This process can be driven by hydrogenase enzymes, capable of catalyzing the reversible reaction 2H þ þ 2e − → H 2 (2) . Native cyanobacterial hydrogenases are predominantly thought to function in the recapture of hydrogen that is created as a byproduct of nitrogenase activity within nitrogen-fixing microbes (3) . Hydrogenases may further function to provide a terminal electron sink in the absence of oxygen or during changes in flux through the photosynthetic machinery (4, 5) .
There are two main classes of hydrogenase enzymes, characterized by the nature of their active site: nickel-iron [NiFe] and iron-iron [FeFe] hydrogenases (2) . Whereas [NiFe] hydrogenases are found across a variety of organisms, [FeFe] hydrogenases are typically restricted to algal species and to a few prokaryotes, but are excluded from all cyanobacteria examined to date. Although both hydrogenases catalyze the same reaction, they are structurally unrelated, utilize unique metallocatalytic clusters within their active sites, and are phylogenetically distinct. In addition to differences within the reactive metallocluster, the classes of hydrogenases also interact with different electron carriers for their redox chemistry. Whereas [NiFe]-hydrogenases are typically coupled to NAD(P)H, with a reducing potential of approximately 320 mV, many [FeFe]-hydrogenases are partnered with the electron-carrying protein ferredoxin, which can bear electrons with significantly lower reducing potentials (2) . Because ferredoxin proteins may carry electrons with reducing potentials closer to that of the H 2 ∕H þ pair (−420 mV) (6), [FeFe]-hydrogenases thermodynamically favor hydrogen production relative to [NiFe] hydrogenases, which are frequently regarded as predominantly H 2 uptake enzymes (4, 7).
The hydrogen production capacity of a variety of cyanobacterial and algal species has been surveyed (8) (9) (10) , and the highest rates of hydrogen evolution are typically observed in algae and some nitrogen-fixing cyanobacteria. Algal species frequently possess [FeFe]-hydrogenases that accept low-potential electrons from ferredoxins that are, in turn, linked to the light reactions of photosynthesis (11) . Nitrogen-fixing microorganisms, including many cyanobacteria (12) , produce hydrogen gas as a byproduct of nitrogenase activity. Although nitrogenase activity can significantly add to the total hydrogen production of some photosynthetic organisms, the reaction is energetically costly and the nitrogenases' ATP requirement greatly reduces the theoretical maximal efficiency of the sunlight to hydrogen conversion (13, 14) . Due to the oxygen sensitivity of hydrogenases (15) , most current biohydrogen production schemes temporally separate the oxygen-generating, water-splitting reaction of photosystem II (PSII) from the hydrogen-generating reactions. In practice, this process involves growing cyanobacteria or algae under normal conditions, to generate internal stores of reductants, then transferring into an anaerobic atmosphere, and inactivating PSII through nutrient depravation or chemical inhibitors (1, (16) (17) (18) . Anaerobic fermentation in the light (1, 17, (19) (20) (21) , or dark (22) , can then result in elevated hydrogenase activity and hydrogen production.
To examine the possibility of increasing hydrogen production in non-nitrogen-fixing cyanobacteria, we heterologously expressed a Clostridial [FeFe] hydrogenase within Synechococcus elongatus. This cyanobacterium is obligately photoautotrophic, strictly aerobic, does not contain functional nitrogenase homologs, and has no detectable nitrogen-fixing capacity (23, 24) , therefore all observed hydrogen production can be attributed to hydrogenase activity. Herein, we report that Clostridial hydrogenase is functionally integrated with the redox machinery of the cell, and is capable of far greater hydrogen production levels than the endogenous [NiFe] hydrogenase, both in vivo and in vitro. Furthermore, we describe rational designs that redirect reducing equivalents toward hydrogenase for increased hydrogen production and dark fermentation of internal carbohydrates into hydrogen.
Results
Expression and in Vitro Activity of [FeFe] Hydrogenase in Cyanobacteria. To examine exogenous hydrogenase activity in cyanobacteria, we expressed the [FeFe] hydrogenase (HydA) from Clostridium acetobutylicum in the common cyanobacterial lab strain Synechococcus elongatus sp. 7942. This hydrogenase has previously demonstrated robust activity in vivo and in vitro, and has a relatively small number of maturation factors necessary for activity when expressed heterologously (25) (26) (27) . Furthermore, in our previous work with a synthetic hydrogen-producing circuit This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: pamela_silver@hms.harvard.edu.
in Escherichia coli, C. acetobutylicum HydA was determined to have the highest level of activity among the tested hydrogenases (28) . To express hydrogenase maturation factors HydEF and HydG (29) , we cloned these genes separately, placing each of them downstream of the S. elongatus psba1 promoter, which normally constitutively expresses the D 1 subunit of photosystem II (PSII). These maturation factors were then combined into a cassette and integrated into the genome at the previously defined neutral site 1 (30) (Fig. 1A) . HydA was inserted separately under an IPTG-inducible promoter at neutral site 3 (31) (Fig. 1A) . We confirmed the expression a StrepII-tagged HydA by Western blot analysis and observed that expression could be induced (approximately 3-4-fold) by addition of IPTG (Fig. 1B) .
To confirm that HydA was properly folded and maintained activity, we conducted a standard methyl viologen assay (25) in cell lysates from control and hydrogenase-expressing strains. Methyl viologen is a promiscuous electron donor that can provide low-potential electrons to hydrogenases of both the [FeFe] and [NiFe] classes, thereby providing a measure of hydrogenase activity when methyl viologen is in excess (25, 32) . When incubated for 45 min under an anaerobic atmosphere in the presence of methyl viologen, cell lysates from HydA-expressing strains exhibited >500-fold increase in the amount of hydrogen gas detected in the headspace (Fig. 1C) . Furthermore, we note that following extended anaerobic incubation with the same conditions, wild-type strains continued to exhibit little or no hydrogen evolution, suggesting that, even under conditions inducive to native hydrogenase expression, the amount of hydrogenase activity is much greater in HydA-expressing strains.
In Vivo, Light-Dependent Hydrogen Evolution. In order for a heterologous hydrogenase to be functional in vivo, it must interact with the endogenous redox machinery and thereby be able to accept reducing equivalents from cellular pools. Due to the extreme oxygen sensitivity of HydA, and most hydrogenases in general, it is typically necessary to spatiotemporally separate the watersplitting reaction of photosystem II from the hydrogen-evolving reaction (8, 19) . To assay the capacity of HydA to convert internal stores of reducing equivalents into hydrogen gas, we inhibited PSII using 5 μM diurion [3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU)], induced HydA expression, and sparged the headspace of cyanobacterial cultures with 2.5% CO 2 (N 2 balance). No hydrogenase activity was detectable within the parent S. elongatus strain, whereas significant quantities of hydrogen were observed in the headspace of HydA-containing cultures only when O 2 generation was suppressed ( Fig. 2A) . On average, the hydrogenase activity of HydA-containing strains over the first 96 h was 2.8 μmol H 2 h −1 · mg Chl-a −1 ( Fig. 2A , where Chl-a is cholorphyll a).
Cyanobacteria and alga are capable of anaerobically metabolizing carbohydrates to provide reducing equivalents for hydrogenase and may do so in either light-dependent or dark reactions (33, 34) . In light-dependant reactions, electrons derived from carbohydrate metabolism are donated to the plastoquinone pool and are subsequently reenergized through Photosystem I (PSI) before being transferred to hydrogenase through petFclass plant-type ferredoxins (18, 21, 33) . In dark fermentation of starch to hydrogen, electrons from the breakdown of glycogen may be directly donated to the hydrogenase, or may be transferred through intermediate electron carriers, such as NAD(P) H or ferredoxin (35, 36) . In HydA-expressing Synechococcus, hydrogen production was greatly reduced in the dark or in the presence of the plastoquinone inhibitor dibromothymoquinone (DBMIB) (Fig. 2B) . We therefore conclude that electron transfer to hydrogenase is largely dependent on the activity of the endogenous electron transport chain (ETC).
HydA Activity Supports Limited Growth Utilizing Molecular Hydrogen as a Reductant. One major function of native hydrogenases in cyanobacteria and algae is presumed to be their ability to recover reducing equivalents from hydrogen that may be generated as a byproduct of nitrogen fixation reactions. In order for the uptake function of hydrogenases to be effective, hydrogenases must be sufficiently interconnected with the redox machinery of the cell such that the hydrogen-derived electrons can be redirected to alternative electron-dependant metabolic processes. The activity of the endogenous bidirectional [NiFe] hydrogenase of S. elongatus to uptake H 2 and reduce NAD þ has been examined in cell extracts and determined to be very low (85 nmol h −1 · mg protein −1 ) (37) . Although this level of activity is sufficient to fix carbon, increase starch accumulation, or support nitrogenase activity (32, 38) it is thought that this rate is insufficient to support autochemolithic growth using H 2 as a reductant, and H 2 -dependent cell division has not been observed in cyanobacteria (37, 39) (Fig. 3A) .
To further evaluate the in vivo activity of HydA within S. elongatus, we examined its capacity to consume hydrogen gas as an alternative source of reducing equivalents when PSII water-splitting reactions were inhibited. We found that HydAexpressing strains could support limited cell growth under DCMU inhibition when incubated under illumination in anaerobic, sealed cultures containing 5% CO 2 and 5% H 2 , as assayed by OD 750 (Fig. 3A) . The majority of growth was restricted to the first 3-4 d following the switch to a hydrogen atmosphere, and HydA-supported growth was dependent on molecular hydrogen, absence of oxygen, HydA maturation factors, and light (Fig. 3A) . We used FACS analysis to verify that the observed increase in culture optical density was predominantly due to cell division (50-70%); increases in cell size or density may also contribute slightly to OD increases.
The Calvin cycle requires adequate supplies of both ATP and reducing equivalents in order to fix CO 2 reducing equivalents in comparison to ATP, electrons from ferredoxin can reenter the ETC through the plastoquinone pool in an essential process termed cyclic electron transport (40) . Cyclic electron transport increases the proton gradient across thylakoid membranes, stimulating ATP production, but requires additional light absorption at PSI to maintain a reduced ferredoxin pool. Because the oxidation of hydrogen could only provide a source of reducing equivalents and we observed that HydA-dependent growth required light, we suspected that hydrogenase-derived electrons were entering the ETC and undergoing cyclic electron transport to generate ATP. Consistent with this theory, we observed that HydA-dependent growth ceased when electron flow from plastoquinone was blocked by the addition of DBMIB (Fig. 3B) . HydA-expressing strains appeared more robust during extended incubations under restrictive (DCMU/hydrogen) conditions, as determined by culture bleaching and by counts of colony forming units when plated on agar plates. Therefore, we assayed the viability of the culture by FACS analysis using the vital dye SYTOX blue, and observed that HydA-expressing strains maintained greater viability under a hydrogen atmosphere when inhibited by DCMU (Fig. 3C) . The selective advantage of HydA-expressing cells allowed for gradual enrichment of HydAexpressing cells relative to wild type in reiterative rounds of incubation under DCMU∕CO 2 ∕H 2 (4 d) followed by incubation under normal conditions (no DCMU, air-24 h; Fig. 3D ). Taken together, these experiments demonstrate heterologously expressed HydA is capable of both accepting and donating electrons from/to the endogenous redox machinery of S. elongatus.
Modified Hydrogenase Activity as a Function of Heterologous Ferredoxin Expression. For hydrogen production to be dependent upon light and ETC function (Fig. 2B) , it is likely that HydA is interacting with endogenous S. elongatus petF plant-type ferredoxins, which may be only weakly interacting with the heterologous hydrogenase. Previously, research in our lab has utilized a synthetic circuit in E. coli to probe the interactions of HydA with a number of ferredoxin proteins and identified those with the A B strongest ferredoxin-hydrogenase affinity as a function of hydrogen output from this circuit (28) . We sought to utilize these pairings to facilitate increased electron transfer to HydA and increase hydrogen production within S. elongatus. We integrated the strongest ferredoxin pairs, one plant type and one bacterial type (from Spinacia oleracea or C. acetobutylicum, respectively) (28), into the HydA-expressing strain, and expressed them from an IPTG-inducible promoter (30) . We found that expression of ferredoxin from C. acetobutylicum (CAC0303) (41), our strongest pairing in our previously reported synthetic circuit (28) , could increase the rate of hydrogen evolution by approximately twofold (Fig. 4A) , suggesting that expression of this ferredoxin helped to redirect internal reducing equivalents toward HydA. Expression of ferredoxin I from S. oleracea did not significantly increase hydrogen production. Although the ferredoxin from C. acetobutylicum has previously shown a strong functional interaction with HydA in a synthetic circuit (28) , it is a bacterial-type ferredoxin and is unlikely to be capable of direct interactions with PSI in a manner similar to the endogenous S. elongatus plant-type ferredoxins. Therefore, we asked if the observed increase in hydrogen production in strains expressing both HydA and C. acetobutylicum ferredoxin was the result of utilization of reducing equivalents from a distinct source. Indeed, C. acetobutylicum ferredoxin-bearing strains were capable of producing hydrogen in the dark and/or in the presence of DBMIB, whereas these conditions largely abolished hydrogen production when expressing HydA alone (Fig. 4B) .
Because expression of exogenous ferredoxin improved the capacity of HydA to support hydrogen evolution (Fig. 4A) , we wished to examine if these ferredoxin pairings would also improve and/or alter the ability of HydA to support growth under hydrogen-containing atmospheres (Fig. 3A) . However, although we found that strains expressing S. oleracea ferredoxin exhibited HydA-dependent growth in the presence of hydrogen, the presence of C. acetobutylicum ferredoxin attenuated hydrogensupported growth (Fig. 5C) . Collectively, these experiments demonstrate that addition of supplemental ferredoxins or optimization of ferredoxin-hydrogenase interactions can both increase the flux of electrons toward hydrogenase as well as rewire the redox pathway. We suggest that the addition of C. acetobutylicum ferredoxin provides an alternative electron pathway that can partially bypass the need for the light-mediated reduction of HydA by anaerobic fermentation through PSI. However, the presence of an exogenous ferredoxin that is preferred by HydA, but less integrated with endogenous redox pathways may "short circuit" the HydA-dependent redox circuit responsible for hydrogenasedependent growth under hydrogen (Fig. 5) .
Discussion
In this work, we explore the activity of a heterologously expressed [FeFe] hydrogenase (HydA) that is functional in cyanobacteria in vivo, particularly within the context of the endogenous redox machinery and ETC components. We show a significant boost in the capacity of HydA-expressing cells to evolve hydrogen, especially when compared to the hydrogen evolution rates of wild-type S. elongatus, which rely on native [NiFe] hydrogenases (Figs. 1C and 2A) . In this context, it is relevant to note earlier studies on the efficacy of a [FeFe] hydrogenase from Clostridium pasteurianum within cyanobacteria (27) , where the hydrogenase exhibited only limited (approximately 2×) activity over that of native hydrogenases and which was only observed when artificially reduced with an exogenous source of methyl viologen. In the present work, we demonstrate that an exogenous hydrogenase is capable of interacting with endogenous redox machinery to evolve hydrogen from internal sources of reducing equivalents at the rate of approximately 2.8 μmol H 2 h −1 · mg Chl-a −1 ( Fig. 2A ). We also demonstrate that HydA activity can support limited chemoautotrophic growth of cyanobacteria by uptake of hydrogen gas as a source of reducing equivalents when PSII is chemically inhibited.
Utilizing photosynthetic organisms for the biological production of hydrogen gas or other chemicals is an attractive approach to meet some future energy needs (42) . Whereas genetic tools and metabolic engineering have factored heavily in the development of strains of microbes for the production of biodiesel, alcohols, or other combustible compounds, improvement of photobiological hydrogen production has relied heavily upon optimization of culturing conditions and bioprospecting (8) . Currently, algal species possessing native [FeFe] hydrogenases are the most favored organisms for biological hydrogen production, with some existing research and plans for taking production to industrial scale. In this work, we have shown that incorporation of [FeFe] hydrogenases into S. elongatus can enhance the hydro- gen production rates over that of the wild-type S. elongatus. Strains expressing [FeFe] hydrogenase exhibited a >500-fold increase of hydrogen evolution in vivo relative to unmodified strains of S. elongatus; wild-type S. elongatus produced hydrogen at rates approximating those previously reported (39) . Similarly, our strain produces hydrogen at greater rates (2.8 μmol H 2 h −1 · mg Chl-a −1 ) than those reported in most other non-nitrogen-fixing unicellular cyanobacteria (0.02-1 μmol H 2 h −1 · mg Chl-a −1 (8) , with the exception of Synechosystis sp. PCC 6803 when engineered (21) or under nitrogen-depleted conditions (9) (6-30 μmol H 2 h −1 · mg Chl-a −1 ), which brings S. elongatus hydrogen production rates nearer to those of many nitrogen-fixing cyanobacteria and algae (approximately 2-70 μmol H 2 h −1 · mg Chl-a −1 (9, 10, 43) . Given the relative ease of transformation of S. elongatus, it may be possible to make further genetic modifications in this strain analogous to those demonstrated in other cyanobacteria or algae that increase starch accumulation (44) , reduce cyclic electron transport (20) , modify PSII activity (45), or reduce phycobilisome size (46) to allow for enhanced production of hydrogen. Finally, optimal culture conditions or cell immobilization can greatly enhance photobiological hydrogen production (47, 48) , which could increase the yield and concentration of hydrogen evolved in this system.
We have previously demonstrated that C. acetobutylicum HydA can functionally interact with a variety of ferredoxin proteins from diverse organisms (28) , and herein show that electron carriers within S. elongatus can also donate and/or receive reducing equivalents to/from HydA. Furthermore, our results demonstrate that proper ferredoxin-hydrogenase combinations may optimize hydrogen production and change properties of the reaction, such as allowing for fermentation of internal reducing equivalents without the assistance of light (Figs. 4B and 5) . Although the presence of at least two distinct (i.e., light-dependent and light-independent) pathways for electron transfer to hydrogenases have been well documented (9, 36, 49) , to our knowledge there have been no previous reports of genetic means to enhance the rate of one pathway relative to the other. Rewiring the flow of reducing equivalents by such a strategy may not only be useful for reducing the cost of bioreactor design (i.e., by reducing the need for illumination, and associated light penetration and heat distribution issues), but also open the possibility of importing parallel redox pathways that are partially insulated from host redox machinery (Fig. 5) . Consequently, our data suggest that proposals to characterize and optimize the key residues forming the ferredoxin-hydrogenase interface could significantly improve hydrogen production (11) . Finally, the ability of HydA to oxidize hydrogen to support limited growth in S. elongatus also offers a possible method for directed evolution of HydA variants with desirable traits, particularly greater oxygen tolerance. To our knowledge, there have been no previous reports of cyanobacteria capable of chemoautrophic division through the utilization of hydrogen (37) .
Although photobiological production of hydrogen is an attractive concept to meet increasing energy demands, it is evident that substantial gains in this technology are necessary to make it economically feasible (34, 50, 51) . A successful hydrogen-producing organism would likely combine traits of several species of photoautotrophs (e.g., optimal hydrogen production, growth in environments unsuitable for competing commercial crops, and minimal by-production of toxic biologically active compounds; ref. 52). Discovery or engineering of hydrogenases with increased oxygen tolerance would allow for direct production of hydrogen, which would bypass inefficiencies associated with energy transfer through internal carbohydrate intermediates. The capacity to functionally express [FeFe] hydrogenases in a variety of contexts may open up a range of organisms for development of more efficient biohydrogen processes, and the natural transformability of S. elongatus may facilitate development of hydrogenase-expressing strains to reach target levels of biohydrogen production in cyanobacteria.
Experimental Procedures
Strains, Plasmids, and Culture Conditions. Wild-type S. elongatus was obtained from the American Type Culture Collection. Cultures and in vivo assays utilized BG11 medium with light illumination of ≤4;000 lux at 30°and a 12∕12 h day∕night cycle. All constructs were cloned in BioBrick format in E. coli (Assembly Standard 21) (53). S. elongatus in log phase (OD 750 ∼ 0.4) was transformed with approximately 100 ng plasmid DNA overnight and plated on BG11 plates with antibiotics. Neutral site vectors for genomic integration were obtained from their respective lab of origins [NS1/pAM2314; NS2/pAM1579 (30, 54) ; NS3/ pHN1-LacUV5 (31)]. Hydrogenase (HydA) from Clostricium acetobutylicum, Clostridium acetobutylicum ferredoxin CAC0303, ferredoxin I from Spinacia oleracea, and hydrogenase maturation factors (HydEF, HydG) from Chlamydomonas reinhardtii were cloned and synthesized as previously described (28) .
SDS-PAGE and Western Blotting. Standard laboratory procedures for SDS-PAGE were used, loading cyanobacterial lysates in Laemmli Buffer on 4-20% gradient gels (Bio-Rad). Proteins were transferred to PVDF membranes (Millipore) and probed with anti-Strep antibodies (Novagen).
Hydrogen Production-Uptake Assays. S. elongatus was grown under a standard atmosphere with appropriate antibiotics, diluted to OD 750 0.1 10∕50 mL within 25∕240 mL clear glass vials and sealed with rubber septa. Where applicable, the following chemicals were supplemented in the media: 5 μM Diuron (DCMU), 20 μM DBMIB, 0.1-1.0 mM IPTG, 20 mM Hepes pH 8.0. Cultures were sparged with 2.5% CO 2 , nitrogen balance (Airgas) and placed in 30°C incubators with light as above (or dark, where appropriate). For in vitro methyl viologen assays, we adapted the method from ref. 25 , lysing cyanobacterial sealed cultures with bacterial protein extraction reagents (Pierce) in the presence of 1 mM methyl viologen (Sigma) and 5mM sodium dithionite for 60 min (Fisher). Headspace was measured by gas chromatography (Shimadzu GC-14A). For hydrogen-dependant growth assays, headspace was sparged with 5% H 2 , 5% CO 2 , nitrogen balance. Measurement and calculation of chlorophyll a calculated by methanol extraction were conducted as previously described (55). Fluorescence-Activated Cell Sorting. FACS was conducted using S. elongatus cell cultures in a BD LSRII with HTS-3 Laser (BD Biosciences). Cell viability was assayed by incorporation of SYTOX blue cell stain (Invitrogen).
